Abstract. In the southwestern coastal region of Bangladesh, options for drinking water are limited by groundwater 10 salinity. To protect and improve the drinking water supply, the large variation in groundwater salinity needs to be 11 better understood. This study identifies the palaeo and present-day hydrological processes and their geographical 12 or geological controls that determine variation in groundwater salinity in Upazila Assasuni in southwestern 13
Introduction 30
In the Ganges-Brahmaputra-Meghna (GBM) river delta, home to 170 million people, availability of safe drinking 31 water is problematic because of the very seasonal rainfall, the likelihood of arsenic occurrence in the shallow 32 groundwater and the pollution of surface water bodies (Harvey et It remains unclear how each of the proposed processes influences groundwater salinity variation in 57 southwestern Bangladesh. Previous studies found no spatial autocorrelation in groundwater salinity, presumably 58 because the sampling distances were larger than the expected variation in groundwater salinity (Ayers et al., 2016) . 59
In our study, we set out to elucidate the hydrological processes that determine the salinity variation in the 60 groundwater by using high density sampling in a case study area with large variation in land use, surface water 61 bodies and surface elevation. In addition, we aimed to identify geographical or geological factors controlling the 62 dominant salinization and freshening processes and, therefore, the groundwater salinity. 63 satellite imagery (World Imagery, ESRI, Redlands, CA, USA) to distinguish land use and surface water bodies, 74
Shuttle Radar Topography Mission data (SRTM) (Farr et al., 2007) to analyse elevation patterns and a soil map 75 (FAO, 1959) to ascertain surface geology and geomorphology. The case study area, which is in the Assasuni 76 Upazila (Figure 1 ), comprises settlements on slightly higher land, surrounded by lower-lying agricultural fields 77 and aquaculture ponds (Figure 1 ). There are freshwater ponds in the settlements. The soil in the study area is 78 composed of fluvial silts in the higher areas and tidal flat clays in the surrounding lower-lying areas (FAO, 1959) . 79
The study was conducted along a crooked 6.3 km long transect oriented approximately north-south (Figure 1 ) 80 running through several settlements. At the north and south ends are tidal creeks ( Figure 1 ) whose salinity varies 81 seasonally. They are fresh in the monsoon period, but the salinity slowly rises during the dry season and by April 82
and May the creek water contains up to two thirds seawater (Bhuiyan et al., 2012) . 83
In 2017, hydrological and lithological data were collected along the transect at high density (see Sect. 84 2.2.1) to a depth of 50 m in two field campaigns: one in the dry season (January-February) and one in the wet 85 season (July-August). To do so, groundwater observation wells were constructed, the ground was levelled, and 86 surface and groundwater were sampled. The hydrological data were used to establish (1) the present-day variation 87 in groundwater salinity (2) whether groundwater is affected by freshening or salinization (this entailed analysing 88 the cation exchange) and (3) the source water type recharging the groundwater (for this we analysed the isotopic 89 data). The lithological data were linked with the reconstructed geological history to determine the 90 palaeohydrogeological conditions in the study area from the Last Glacial Maximum (LGM) until the present day. 91
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Lithological drillings and groundwater observation wells 96
Groundwater observation wells were installed to collect lithological information and groundwater samples. In 97 2017, 34 tubes with filters at depths of between 6 and 46 m deep were installed at 20 locations. At 14 locations, a 98 single tube was installed, at four other locations, a nest of two tubes was installed, and at the last four locations, a 99 nest of three tubes was installed. Two groundwater observation wells (P16 and P17) were installed a year later, 100 but as the sampling campaign had ended, no water samples are available for them. 101
The first drilling at each location was used to collect the lithological data to approximately 46 m depth 102 (150 feet). The traditional "sludger" or "hand-flapper" method was used as drilling technique (Horneman et al., 103
2004). The drilling fluid was water from nearby surface water or tube wells, which was pumped out directly after 104 installation by pumping the tube wells for at least 30 minutes or until EC (electrical conductivity) and temperature 105 had stabilized. During the first drilling at each location, the sediment slurry was interpreted in the field every 1.524 106 m (5 feet). Additional lab analyses were performed on 47 sediment samples from the surface clay layer and at the 107 filter depths. These samples were analysed for their grain size distribution with a Malvern Scirocco 2000, after 108
pre-treatment to remove organic matter and carbonates and after peptizing the mud particles using a peptization 109 fluid and ultrasound. The particles less than 8 µm were classed as clay, those between 8 and 63 µm as silt and 110 those over 63 µm as sand (Konert and Vandenberghe, 1997) . 111
The carbonate and organic matter contents of the samples were quantified by thermogravimetric analysis 112 
Elevation 117
Using a Topcon ES series total station (Topcon, Japan), surface elevation at the installed groundwater observation 118 wells was measured relative to a zero benchmark (a concrete slab at nest 1). The elevation data were used to 119 correlate the wells in terms of their water levels as measured at least two days after installation. 120
Hydrochemistry and isotopes 121
During two sampling campaigns, water samples were taken and analysed for anions (IC) and cations (ICP-MS); 122 samples were also taken for tritium analysis, as well as for δ 2 H and δ 18 O analyses. For details, see Table 1 . The 123 groundwater samples in the groundwater observation wells was sampled at least a week after installation. The tube 124 wells and groundwater observation wells were purged by pumping approximately three times the volume inside 125 the tube. EC, temperature and pH were measured directly in the field using a HANNA HI 9829 (Hanna 126 Instruments, USA). Alkalinity was determined by titration within 36 hours of sampling (Hach Company, USA). 127 128 For the IC and ICP-MS analyses, the water samples were stored in a 15 ml polyethylene tube after filtering 131 through a 0.45 μm membrane. Back in the Netherlands, aliquots were transferred to 1.5 ml glass vials with septum 132 caps for IC analysis. For the IC, the aliquots were diluted in accordance with their EC, which was used as an 133 approximation of their salinity. Below 2000 µS/cm the aliquots were not diluted (1:0), between 2000 and 4000 134 µS/cm the aliquots were diluted two times (1:1), between 4000 and 10000 µS/cm the aliquots were diluted five 135 times (1:4), and above 10000 µS/cm the aliquots were diluted ten times (1:9). The remaining sample was spiked 136 by adding 100 µl of nitric acid (HNO3), put on a shaker for 72 hours, and used for ICP-MS. For the ICP-MS, the 137 chloride concentrations were low enough to allow for direct measurement. 
where i refers to the concentration in meq/l. Seawater is used for the saline end member . To calculate the Z-164 values we used values from Ganges water (Sarin et al., 1989) and from pond water (this study) for the freshwater 165 end member ℎ . We assumed that Ganges water has had a large influence on the study area for most of the 166
Holocene and that pond water might have influenced the groundwater recently. Z-values had to be negative or 167 positive for both freshwater end members to be accepted as being truly affected by hydrogeochemical processes. 168
To account for false positive or false negative Z-value due to errors in analysis, the Z-values also had to be larger 169 than the expected error for them to be interpreted as affected by hydrogeochemical processes. Like Griffioen 170 (2003), we assumed the expected error in the amount of exchange was 2.8%, based on a standard error in analysis 171 of 2% and standard propagation of error. The same formula was used to indicate whether sulfate had been depleted 172 by reduction or enriched by other sources. 173
PHREEQC simulations of cation exchange 174
For the interpretation of the hydrogeochemical processes that have occurred in each of the groundwater samples, 175 we needed to take account of site-specific conditions and site-specific hydrochemical processes; to do so, we used 176 the PHREEQC model code (Parkhurst and Appelo, 2013) . Possible dissolution or precipitation of minerals was 177 assessed by calculating saturation indices for calcite, dolomite and gypsum, and the partial pressure for CO2. 178
Additionally, cation exchange during salinization or freshening was simulated, to interpret the stage of salinization 179 or freshening for the samples. For salinization, a scenario was simulated in which seawater diluted 10 times 180 displaces Ganges water (Sarin et al., 1989). For freshening, two scenarios were simulated, because different cation 181 exchange patterns were expected for a) a scenario in which Ganges water displaces 10 times diluted sea water and 182 b) a scenario in which Ganges water displaces 100 times diluted sea water. The salinities assigned to the saline 183 water end members were based on the salinity levels of mostly less than 1/10 th seawater detected in the 184 groundwater. 185
The Z-values of the samples were compared to the Z-values calculated in the PHREEQC scenarios. 186
Freshening or salinization was determined based on the NaZ value of the samples, with a positive NaZ value 187 indicating freshening and a negative NaZ value indicating salinization. Next, the simulated MgZ patterns in the 188 three PHREEQC scenarios were used to differentiate between the stages of freshening or salinization in the 189 groundwater samples. 190
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Elevation 250
The villages are at a different elevation than the rest of the study area. Compared with the benchmark, the elevation 251 of the groundwater observation wells in the villages (N2, P2, N3, P3, P5, P6, P7, P11, P12, P15) is between 0.5 252 to 1.8 m higher, while the elevation in the agricultural fields (N1, P1, N5) and aquaculture ponds (P8, P14) is -0.6 253 to 0 m (Figure 2 ). The elevation was not measured at P9, P10, P16 or P17 but data from the SRTM and field 254 observations suggest that these areas are also relatively low. 255
Salinity 260
The variation in surface water and groundwater salinity is shown in Figure 3 . Surface and groundwater salinity are 261 discussed separately below. 262
Surface water salinity 263
The sampled surface water ponds can be divided into fresh and saline ponds. The ponds used for aquaculture 264 contain slightly less than 25% seawater and have a chloride concentration of around 4000 mg/l, and they are saline 265 throughout the year. The rainwater ponds in the settlements on higher land have a chloride concentration below 266 50 mg/l and are fresh throughout the year. In the wet season, additional surface water bodies are formed, when 267 many of the agricultural fields become flooded by the large amount of rain. The water in the flooded agricultural 268 field near N1 and P1 had a chloride concentration around 200 mg/l in July 2017 (Figure 3 ), which may be caused 269 by the dissolution of salts from the saline topsoil, as salt deposits are visible on the surface after the fields dry out 270 again in the post-monsoon period. 271
Groundwater salinity 272
The chloride concentrations of the groundwater samples vary between 18 mg/l and 4545 mg/l, which indicates that 273 the most saline groundwater samples contain somewhat less than 25% seawater. The salinity of the groundwater 274
Stable isotopes 294
The samples were divided into four source water classes (Figure 4) . The first class consisted of samples with a 295 relatively light isotopic composition, similar to the weighted average rainwater. This indicates that direct rain 296 infiltration is the dominant source of this water. These samples were taken from surface water bodies in the wet 297 season. The shallow groundwater sample from the clay layer near N3 also falls in this class, revealing that direct 298 infiltration of rain occurs to some extent in the higher-lying area. Lastly, the groundwater at P7 and P8, and at P9, 299
Hydrol P10 and P15 falls in this class, but since the samples were taken at great depths, or the isotopic composition of 300 overlying groundwater is different, it is unlikely this groundwater formed under present-day conditions (Figure 5) . 301
The second class contains samples with a relatively heavy isotopic composition skewed to the right of the 302 MWLs (Figure 4) . This indicates an effect of evaporation and mixing with seawater. Samples of this class were 303 taken at relatively shallow depths and close to surface water bodies (Figure 5 ), which suggests that the main source 304 of this water is water infiltrating from stagnant surface water. 305
The third class comprises samples with a relatively heavy isotopic composition located close to the MWLs 306 in 
318
Hydrol Table 3),  335 calcite, aragonite or dolomite is available for dissolution. The samples that were subsaturated for calcite were taken 336 from the clay cover and the shallow aquifer (<10 m deep). 337
PHREEQC simulations 338
The Z-values of the groundwater samples were compared with the patterns of the Z-values during the salinization 339 and freshening scenarios (Figure 6 ). The patterns of the Z-values were used for the interpretation, as the exact Z-340 values of the samples were expected to be lower than the Z-values in the model scenarios, since each sample is the 341 result of a specific, less extreme mix of end members. The CaZ, MgZ and NaZ of the groundwater samples were 342 plotted as points in the scenario whose Z-value patterns they best matched, with the X location determined by the 343 chloride concentration matching the values of the chloride in the model scenario. Samples with a chloride 344 concentration exceeding the chloride values in the scenario were plotted at the saline sides of the figures. Six cation 345 exchange (CE) groups were identified (Table 2) . 346 347 Hydrol. Earth Syst. Sci. Discuss., https://doi.org/10.5194/hess-2018-416 Manuscript under review for journal Hydrol. Earth Syst. Sci. Discussion started: 6 September 2018 c Author(s) 2018. CC BY 4.0 License.
Salinization 366
In the salinization scenario, the MgZ follows a clear sequence. The MgZ value rises initially, then falls until it 367 becomes negative ( Figure 6 ). The samples could therefore be divided into three salinization stages: initial 368 salinization with a positive MgZ (-in Figure 7 ), intermediate salinization with a neutral MgZ (~ in Figure 7) , and 369 late-stage salinization with a negative MgZ (-in Figure 7 processes (see phase 4). Overall, however, more brackish conditions are likely to have prevailed from the moment 447 the Ganges migrated eastwards, because the upstream supply of fresh water decreased. Possibly, the deeper 448 groundwater at N1, P1 and N2 has been affected by salinization from this period, since its cation exchange 449 characteristic indicates salinization at a later stage than the shallower samples (Figure 3) . 450
Possibly, starting during the clay deposition in phase 3, salinization of the edges of the aquifer under the 451 thick clay cover has occurred, due to density-driven flow from saline water infiltration in adjacent areas with a 452 thin clay cover (Kooi et al., 2000) . In the study area, however, brackish conditions are present at P16 and P17, 453
indicating that density-driven flow has not affected the groundwater immediately below the thick clay layer. This 454 does not mean that density-driven flow is not relevant in the study area. As salinization from density-driven flow 455
Hydrol The present-day small differences in elevation result in large differences in groundwater salinity, as the surface 478 elevation has determined whether freshening or salinization has occurred in the groundwater. In the higher-lying 479 areas, the conditions at the surface have mostly been fresh since the elevation differences came about, as the slight 480 elevation has prevented saline water flooding from tides and tidal surges. indicate that land use has become a controlling factor for the shallow groundwater salinity in areas with thin surface 517 clay layers. In the future, salinization from aquaculture ponds is expected to continue, and hence the extent of 518 salinization to increase. Since the low-lying aquaculture areas with thin surface clay layers are adjacent to the 519 higher areas, continued salinization from the aquaculture ponds could be a threat for the fresh groundwater under 520 the higher area. 521
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We acknowledge our study has several limitations, and our interpretations should be seen as a conceptual 548 model to explain the observed spatial patterns of clay and sand deposits and of groundwater salinity. We did not 549 focus on quantifying recharge, discharge and flow rates, or the exact time scales of the hydrological processes. We 550 have been unable to discern comprehensive groundwater flow directions, aside from sketching some indicative 551 flow directions that would account for recharge, as we could not find evidence for locations and patterns of upward 552 groundwater flow and discharge. These upward groundwater flows are expected to be present in convection cells 553 caused by density-driven salinization (Kooi et al., 2000; Smith and Turner, 2001 ), and discharge is anticipated at 554 drainage points in the landscape which are thought to be present at the edge of higher areas and at the lowest points 555 in the landscape, i.e. the tidal rivers (Tóth, 1963) . A possible next step would be to develop a numerical model to 556 further elucidate these flow processes, as well as estimates of recharge and discharge rates and time scales of the 557 described hydrological processes. 558
Despite these limitations, we contend that the identified controlling factors (clay cover thickness, relative 559 elevation and present-day land use) satisfactorily explain an appreciable part of the observed variation in 560 groundwater salinity variation in the larger southwestern Bangladesh region. Relative elevation and land use data 561 could provide a first estimate of the groundwater salinity in areas with a thin surface clay layer, while knowledge 562 of the palaeohydrogeological conditions seems to be necessary to understand and predict the groundwater salinity 563 in areas with a thick surface clay layer. A next step would be to test the validity of this hypothesis at regional scale. 564
565
Data availability. The data used in this study may be obtained by contacting the corresponding author. 566
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